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Motivation

• In 1909, Millikan conducted the oil drop experiment to

measure electric charge, ultimately determining the

charge of a single electron.

R. A. Millikan

•The fractional charge search experiment at SLAC

utilizes the Millikan method of determining the

electric charge of falling fluid drops.
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Motivation

• In 1964, quark model was proposed

by Gell-mann and Zweig.

•Hadrons composed of quarks and

gluons.

•Due to the QCD theory, the quarks can

not exist freely (asymptotic freedom and

color confinement).

•Fractionally Charged Particle (FCP) is

supposed to carry any non-integer charge.

Gell-mann and Zweig
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The possible origins of FCP

Early universe Supernova explosion Extensive air shower

•There are three possible sources of FCP in cosmic rays:

-It may be produced at the early Universe after the Big Bang

-Or high-energy astrophysical processes

-Or extensive air shower of cosmic-rays
5



Searching for FCP with Underground Experiment

Kamiokande II 
depth: 1000 m

MACRO
depth: 1400 m

LSD
depth: 1800 m

(MACRO 2004)

Current strictest upper limit given by MACRO (2004):
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Underground Experiment

Energy loss when a particle passes through the

1000m depth rock

- for muon：~ 663 GeV

- for 2/3e FCP：~ 300 GeV

FCP should be with a high kinetic energy 
(> hundreds of GeV)

muons’ dE/dx in rock/ice

𝑑𝐸 𝑀𝑒𝑉
= 2.5

𝑑𝑥 𝑔/𝑐𝑚2

Space Experiment

A cutoff structure is caused by the earth’s magnetic field 

Near the equator, proton flux cutoff ~ 10 GeV

2/3e FCP flux cutoff: 6 ~ 7 GeV

FCP could be detected at a lower kinetic 
energy (tens of GeV)

Comparison between experiments
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Searching for FCP with Space Experiment

AMS01BESS

Upper limit (95% C.L.)：Upper limit (90% C.L.)：
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The results of previous experiments

The flux upper limit versus the inverse charge value
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DArk Matter Explorer (DAMPE)

• DArk Matter Particle Explorer (DAMPE) is a space 

experiment for detecting high energy cosmic rays 5 million events/day
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DArk Matter Explorer (DAMPE)

Astropart. Phys. 95 (2017) 6–24

- Charge measurement (dE/dx in PSD, STK)

- Gamma-ray converting and tracking

- Precise energy measurement (BGO)

- Hadron rejection (BGO + NUD)

(STK + BGO)
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What can DAMPE do ?

•Advantages of DAMPE compared with other FCP experiments

-Observe FCPs with significantly lower energy (a few GeV)

-Relatively large acceptance

-Long exposure time

Experiment
Geometrical acceptance 

(cm2sr)
Exposure time (s)

Upper limit 
(cm-2sr-1s-1)

AMS01 3000 3.6×104 3.0×10-7 (95% C.L.)

BESS 1500 3.6×105 4.5×10-7 (90% C.L.)

DAMPE 3000 2.3×107 ?
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Assuming the nature of FCP

•Assuming the nature of FCP：

-Massive

-With electromagnetic interaction

-W/O hadronic interaction

-The charge would be 1/3e or  
2/3e

- like a massive lepton (e.g. 
muon)

•DAMPE MIPs trigger

•Trigger threshold: 0.2 proton MIP

• Ionization energy loss for 1/3 e FCP ≈ 1/9 MIP，
Not Pass Trigger

• Ionization energy loss for 2/3e FCP≈ 4/9 MIP，

Pass Trigger

Our target
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Data Sample

• Flight data：2016.01.01 ~ 2020.12.30

• Simulation：

- proton 10 GeV ~ 100 TeV

- FCP 7 GeV ~ 10 TeV

• FCP simulation
- Created a virtual particle in Geant4
- Charge with 2/3 e

- Add ionization and multi scattering process
- Energy spectrum obey the E-2.7

- Spheric particle source
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- Mass 1200 MeV



Sample Selections
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Features of heavy lepton-like FCP
• Fractional charges
• Only ionization process

Identification heavy lepton-like FCP
• Charge measurements
• MIP-like event selection



MIP-like Event Selection

• MIPs in BGO:

- Over-threshold(2 MeV) hits no more 

than 2 in one layer along the track

- More than 10 layers are required to 

have signals

- One of last two layers should be fired
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BGO Calorimeter 



Charge Measurement

PSD Charge resolution 
(Charge unit, c.u.)

STK Charge resolution 
(Charge unit, c.u.)

Proton 0.06 0.04

Helium 0.10 0.07

PSD STK
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Signal Region

Charge selection 
efficiency ~ 86%
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Signal region: Peak of MC FCP + 3sigma
- Signal region on PSD：Z < 0.84e

- Signal region on STK：Z < 0.79e



Upper Limit Calculation

Φ : Flux or flux upper limit cm−2sr−1s−1

N𝑜𝑏𝑠 : Number of observed FCP, no candidate is observed, N𝑜𝑏𝑠 is taken 
to be 2.44 at the 90% C.L. by Feldman-Cousins method

𝑇𝑒𝑥𝑝 : Exposure time 2.34 × 107s

𝜖𝑡𝑟𝑖𝑔 : trigger efficiency, 85.5%，given by MC

𝜖𝑠𝑐𝑎𝑙𝑒 : pre-scale factor 1/4

𝐴𝑒𝑓𝑓 : effective acceptance 940 cm2sr

𝜖𝑟𝑒𝑔𝑖𝑜𝑛 : signal region efficiency 86%



Upper Limit of 2/3e FCP

Phys. Rev. D 106, 063026

(2022)
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Improve three orders 
of magnitude



The mass varies from 200 MeV to 2000 MeV with 
a step of 200 MeV is applied to the simulation.

The spectrum index varies from -3 to -2 with a 
step of 0.1 is applied to the simulation.

Mass and Spectrum index scan

21

In the research: FCP mass is 1200 MeV and Spectrum index is 2.7

FCP Mass MeV Spectrum Index
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Prospects for Searching for Light FCP

FCP should not be constrained to be heavy
lepton
• Shower can happen
• Mass may be light
• Electron-like light-mass particle

Energy loss: Bremsstrahlung

Light FCP simulation

Charge: 2/3 e Mass:
0.511 MeV
Kinetic energy: 7 GeV - 1 TeV
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Prospects for Searching for Light FCP
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Heavy FCP Light FCP
Different behavior

Features of light lepton-like FCP
• Fractional charges
• Ionization process
• Bremsstrahlung process
• Electromagnetic shower

We can measure their energy by 
BGO calorimeter



Prospects for Searching for Light FCP

Φ =
𝑁𝑜𝑏𝑠

Texp𝜖𝑠𝑐𝑎𝑙𝑒𝜖𝑡𝑟𝑖𝑔𝐴𝑒𝑓𝑓𝜖𝑟𝑒𝑔𝑖𝑜𝑛

Φ(𝑖) =
𝑁𝑜𝑏𝑠
𝑖

∆𝐸𝑖Texp𝜖𝑠𝑐𝑎𝑙𝑒
𝑖 𝜖𝑡𝑟𝑖𝑔

𝑖 𝐴𝑒𝑓𝑓
𝑖 𝜖𝑟𝑒𝑔𝑖𝑜𝑛

𝑖

in i-th incident energy bin
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In this case, we can provide differential results with kinetic energy-dependent 
spectrum.

MC



Summary

• Space experiments can detect FCPs with energy as low as 

a few GeV

• No 2/3e FCP signals are observed and a flux upper limit of

Φ < 6.2 × 10-10 cm-2sr-1s-1 is established at the 90% C.L..

• Result is published in Phys. Rev. D 106, (2022) 6-15 

• Record in Particle Data Group

• Searching for Light FCP is on-going.
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Thank you!

https://link.aps.org/doi/10.1103/PhysRevD.106.063026


Backup



Selections
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Charge Measurement

PSD Charge resolution 
(Charge unit, c.u.)

STK Charge resolution 
(Charge unit, c.u.)

Proton 0.06 0.04

Helium 0.10 0.07

PSD STK
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Charge Reconstruction
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Plastic Scintillator Detector (PSD)

•PSD is located on the top of the payload

-Active area: 82 cm × 82 cm

-Number of planes: 2

-41 strips each layer

-Overall efficiency ≥0.9975 for charged 
particles
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Silicon Tungsten tracKet (STK)

•Structure of STK

-Pitch of silicon micro-strip: 121 μm

-Active area: 75.8 × 75.8 cm2

-6 Planes（6X + 6Y）

-Three 1 mm thickness tungsten  
layers embed in the STK
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BGO calorimeter

•14 × 22 BGO crystal array

-Dimension of a BGO bar：2.5×2.5×60cm3

-Layers are alternated in an orthogonal way

•Thickness： 32𝑋0, 1.6𝜆𝐼
•Each end of BGO bar is coupled to a PMT
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Track Selection

• Select STK tracks with good qualities

• Constrain the angle difference between STK Track 
and BGO Track

- Angle difference < 4°

- Reject the scattering events



Pre-Selection

•Pass MIPs trigger

•Fiducial selection: Constrain the positions 

of injection and ejection to maintain the 

event in the whole detector

•Total energy selection:

-Energy deposition in ECAL < 1 GeV

-Reject particles with charges higher  

than proton

proton MIPs 

spectrum



MIP-like Event Selection



MIP-like Event Selection

• MIPs in PSD:

- The number of fired strip in one layer ≤ 2

- The selected track should cross the strip with maximum energy

Case 1 Case 2



Signal Region Definition

• Signal region: Peak of MC FCP + 3sigma

- Signal region on PSD：Z < 0.84e

- Signal region on STK：Z < 0.79e



Low charge:
No response from detector 
High charge:
Difficult to distinguish from 
the background

Charge scan



Kinetic Energy Control

•Energy of MIP-like events cannot be measured by a calorimeter

•Kinetic energy should be constrained

Target range

dE/dx is stable

Non-relativistic region 

dE/dx change sharply



Why did 𝑵𝒐𝒃𝒔 choose 2.44?

According to the Feldman-Cousins method, the observed small signal events n obeys the Poisson distribution

p 𝑛 𝑠 = 𝑒− 𝑠+𝑏
𝑛 !

𝑠+𝑏 𝑛

, the real signal events s and background events n obey the Poisson distribution as

well. Since n and b are zero, the s takes 2.44 for the calculation of upper limit within 90% confidence level.

90% C.L. 95% C.L.


